For removal of phosphorus (P) from swine liquid manure before land application, we developed a treatment process that produces low P effl uents and a valuable P by-product with minimal chemical addition and ammonia losses. Th e new wastewater process included two sequential steps: (i) biological nitrifi cation and (ii) increasing the pH of the nitrifi ed wastewater to precipitate P. We hypothesized that by reduction of inorganic buff ers (NH 4 + and carbonate alkalinity) via nitrifi cation, P could be selectively removed by subsequent hydrated lime [Ca(OH) 2 ] addition. Th e objective of the study was to assess if this new treatment could consistently reduce inorganic buff er capacity with varied initial concentrations of N (100-723 mg NH 4 + L −1 ), P (26-85 mg TP L −1 ), and alkalinity (953-3063 mg CaCO 3 L −1 ), and then effi ciently remove P from swine lagoon liquid. Th e process was tested with surface lagoon liquids from 10 typical swine farms in North Carolina. Each lagoon liquid received treatment in a nitrifi cation bioreactor, followed by chemical treatment with Ca(OH) 2 at Ca rates of 0, 2, 4, 6, 8, 10, and 12 mmol L −1 to precipitate P. Th is confi guration was compared with a control that received the same Ca rates but without the nitrifi cation pretreatment. Th e new process signifi cantly reduced >90% the inorganic buff ers concentrations compared with the control and prevented ammonia losses. Subsequent lime addition resulted in effi cient pH increase to ≥9.5 for optimum P precipitation in the nitrifi ed liquid and signifi cant reduction of effl uent total P concentration versus the control. With this new process, the total P concentration in treated liquid effl uent can be adjusted for on-farm use with up to >90% of P removal. Th e recovered solid Ca phosphate material can be easily exported from the farm and reused as P fertilizer. Th erefore, the new process can be used to reduce the P content in livestock effl uents to levels that would diminish problems of excess P accumulation in waste-amended soils.
For removal of phosphorus (P) from swine liquid manure before land application, we developed a treatment process that produces low P effl uents and a valuable P by-product with minimal chemical addition and ammonia losses. Th e new wastewater process included two sequential steps: (i) biological nitrifi cation and (ii) increasing the pH of the nitrifi ed wastewater to precipitate P. We hypothesized that by reduction of inorganic buff ers (NH 4 + and carbonate alkalinity) via nitrifi cation, P could be selectively removed by subsequent hydrated lime [Ca(OH) 2 ] addition. Th e objective of the study was to assess if this new treatment could consistently reduce inorganic buff er capacity with varied initial concentrations of N (100-723 mg NH 4 + L −1 ), P (26-85 mg TP L −1 ), and alkalinity (953-3063 mg CaCO 3 L −1 ), and then effi ciently remove P from swine lagoon liquid. Th e process was tested with surface lagoon liquids from 10 typical swine farms in North Carolina. Each lagoon liquid received treatment in a nitrifi cation bioreactor, followed by chemical treatment with Ca(OH) 2 at Ca rates of 0, 2, 4, 6, 8, 10, and 12 mmol L −1 to precipitate P. Th is confi guration was compared with a control that received the same Ca rates but without the nitrifi cation pretreatment. Th e new process signifi cantly reduced >90% the inorganic buff ers concentrations compared with the control and prevented ammonia losses. Subsequent lime addition resulted in effi cient pH increase to ≥9.5 for optimum P precipitation in the nitrifi ed liquid and signifi cant reduction of effl uent total P concentration versus the control. With this new process, the total P concentration in treated liquid effl uent can be adjusted for on-farm use with up to >90% of P removal. Th e recovered solid Ca phosphate material can be easily exported from the farm and reused as P fertilizer. Th erefore, the new process can be used to reduce the P content in livestock effl uents to levels that would diminish problems of excess P accumulation in waste-amended soils.
Removal of Phosphorus from Livestock Effl uents
Ariel A. Szogi* and Matias B. Vanotti USDA-ARS R esearch eff orts on P removal from liquid manure before land application have dealt mostly with chemical precipitation techniques that extract P from manure liquid and convert the extracted P into a useful product (Greaves et al., 1999) . Th us, P can be removed and recovered as phosphate precipitate by adding Fe and Al (Loehr et al., 1976) , Mg (Liberti et al., 1986; Burns et al., 2001; Nelson et al., 2003; Parent et al., 2007) , or Ca (House, 1999) compounds. However, implementation of these techniques for liquid manure treatment has been slow due to technical limitations such as the large demand for added chemicals (Celen et al., 2007) ; the limited value of by-products such as Al or Fe phosphates (Loehr et al., 1976) ; or potential ammonia gas volatilization losses during a P extraction process, such as the precipitation of Mg ammonium phosphate (Westerman and Bicudo, 2000) . Reindl (2007) classifi ed techniques for P removal from wastewater and manure by precipitation of Ca phosphate into three groups: crystallizers, fl uid bed reactors, and the new process used in this study. Crystallizers and fl uid bed reactors have the technical limitations of requiring a seeding material (e.g., sand or rock phosphate grains) and a substantial amount of chemical addition to precipitate P. Phosphorus removal effi ciencies for crystallizers and fl uid bed reactors are reported to be <80% (Seckler et al., 1996; Valsami-Jones, 2001; Bowers et al., 2007) . To solve these technical limitations, a wastewater treatment technology was developed to remove P from liquid manure with minimal chemical addition and to produce a valuable by-product (Vanotti et al., 2005b) . Th e processes involved in the new technology include (i) biological nitrifi cation of liquid manure to oxidize ammonium (NH 4 + ) to nitrate (NO 3 − ), (ii) reduction of natural buff ers, and (iii) increasing the pH of the nitrifi ed wastewater through addition of Ca or Mg hydroxide to precipitate P (Vanotti et al., 2003; Vanotti et al., 2005a) . Because NH 4 + is mostly converted to NO 3 − , increased pH during P precipitation does not result in significant gaseous N loss in ammonia gas form. Th e fi nal product is a Ca phosphate-rich sludge that can be used as P fertilizer (Vanotti et al., 2003; Szogi et al., 2006; Bauer et al., 2007) .
In North Carolina, manure generated during swine production has been traditionally handled using anaerobic lagoons and subsequent effl uent disposal through land applications (Barker, 1996) ; however, by law, the construction of all new swine farms requires alternative systems without lagoons (NC General Assembly, 2007) . Th e new P removal technology was conceived to remove P in systems with lagoons and systems without lagoons (Vanotti et al., 2005b) . In the systems without lagoons, raw liquid manure is treated through an enhanced solid-liquid separation process with polymers to remove most of the carbonaceous material from the wastewater. Th e separated water is then treated with the nitrifi cation and soluble P removal sequence. A denitrifi cation tank can also be incorporated into the treatment system to provide total N removal in addition to the P removal. Th is confi guration was tested in a full-scale study at a fi nishing swine farm in North Carolina . In the systems with lagoons, the anaerobically digested supernatant liquid, rich in NH 4 -N and alkalinity but low in organic buffers of pH, is nitrifi ed, and P is subsequently removed by adding hydrated lime. Th e eff ectiveness of the technology was tested in a pilot fi eld study at a nursery swine farm in North Carolina, where 95 to 98% of the P was precipitated from the anaerobic lagoon effl uent. Phosphorus recovered from the effl uent (Ca phosphate) consisted of 16 to 17% P 2 O 5 (Vanotti et al., 2003) .
It was unclear if with this process the high P removal efficiency is consistent across diverse types of swine farms because the chemical characteristics of lagoon liquid effl uents vary considerably from farm to farm. Because nitrifying bacteria are autotrophic microorganisms that consume NH 4 + and carbonate alkalinity, we hypothesized that, by reduction of these buff er compounds via nitrifi cation, P could be selectively removed by subsequent hydrated lime addition. Th erefore, the objective of the present study was to assess if this new process technology could consistently reduce NH 4 + and carbonate alkalinity and effi ciently remove P from swine lagoon liquid with varied initial N, P, and alkalinity concentrations. For this purpose, a laboratory study was performed using lagoon liquid from 10 swine production units that included diff erent types of swine production operations in North Carolina. Th e testing was performed in the lagoon effl uents of these facilities before land application.
Materials and Methods

Theoretical Background
Liquid swine manure is a mixture of urine, water, and feces. Livestock urine usually contains more than 55% of the excreted N, of which more than 70% is in the form of urea (Sommer and Husted, 1995) . Hydrolysis of urea by the enzyme urease produces NH 4 + and carbonate according to the following reaction:
Th erefore, a large part of the inorganic carbon in liquid manure is produced during decomposition of organic compounds. Although the remaining organic compounds contribute to the buff ering capacity in liquid manure, carbonate and NH 4 + alkalinity are the most important chemical components in liquid manure. Th ey contribute to the buff ering capacity in the alkaline pH range (Fordham and Schwertmann, 1977; Sommer and Husted, 1995) . Alkaline pH is necessary to form a P precipitate with Ca and Mg compounds (House, 1999) . When a Ca or Mg hydroxide is added to liquid manure, the hydroxide reacts with the existing bicarbonate to form carbonate, with NH 4 + to form ammonia (NH 3 ), and with phosphate to form phosphate precipitate compounds (Loehr et al., 1976; Tchobanoglous and Burton, 1991 
Anaerobic Lagoons
Liquid manure was collected from 10 anaerobic lagoons located in swine-producing counties of North Carolina. Th e lagoons were selected using farm information on number and category of animals, surface characteristics of the lagoons, and waste analysis reports obtained from the North Carolina Department of Agriculture, Agronomic Division, Raleigh, NC. Th e sampled lagoons treated and stored manure from diff erent sizes and types of swine production facilities, such as breeding, nursery, and fi nishing operations (Table 1) . Two 20-L samples per lagoon were collected at approximately 0.30-m below the liquid surface and conveyed into 25-L plastic containers using a pump. Th e pump had an intake that was a long plastic tubing attached along a 4-m long (5.1-cm diam.) plastic pipe with a fl oat on one end. Th e fl oat maintained the intake below the liquid surface and away from the lagoon banks. Samples were sealed, packed on ice, transported to the lab, and stored at <4°C until they were analyzed and used in the experiments within a week of being collected.
Basic Process Confi guration
Th e study consisted of 10 consecutive experiments using the basic process confi guration shown in Fig. 1 to treat 10 lagoon liquids. In each experiment, swine wastewater received biological treatment in a nitrifi cation bioreactor, followed by chemical treatment with Ca(OH) 2 in a P separation reactor to precipitate phosphate. Th is confi guration was compared with a control representing a control method that received chemical treatment with Ca(OH) 2 but without the nitrifi cation pretreatment. All control and nitrifi ed lagoon liquids were treated with Ca(OH) 2 applied at rates of 0, 2, 4, 6, 8, 10, and 12 mmol Ca L −1 of lagoon liquid. Each experiment was run twice, and all analyses were performed in duplicate.
Nitrifi cation Treatment
Fluidized bed biological reactors were used for the nitrifi cation step. Th ese reactors were constructed and operated as described by Vanotti and Hunt (2000) . A culture of acclimated lagoon nitrifying sludge was prepared with seed biofi lm sludge obtained from the surface horizon of an overland fl ow treatment plot that treated the effl uent from an anaerobic swine lagoon in Duplin Co., NC (Vanotti and Hunt, 2000; Szogi et al., 2004) . Th e reactors contained the acclimated lagoon nitrifying sludge immobilized in a supporting porous medium that consisted of pellets (cubes that were 3-to 5-mm per side) made of polyvinyl alcohol polymer according to the polyvinyl alcohol-freezing method described by Vanotti and Hunt (2000) . Th e nitrifying pellets increased the bacteria population in the reactor vessel (150 g of pellets per L-reactor), which reduced total nitrifi cation treatment time. However, the support medium per se is not critical, and other biological nitrifi cation methods are equally suitable, provided that the nitrifying bacteria are acclimated to wastewater with a high NH 4 -N concentration (Szogi et al., 2004) .
Process temperature was set at 30°C using a heat regulator with a re-circulating water bath that accommodated up to six 1.2-L volume reactors. An aerator provided fi ne-bubble aeration at a fl ow rate of 0.6 L min −1 and fl uidization of the support medium; the resulting average dissolved oxygen concentration in the mixed liquor was about 4.3 mg L , or 259 mg N L −1 reactor d −1 . Alkalinity was monitored during the nitrifi cation process, and aeration was terminated when >90% of the natural alkalinity was consumed. Th e nitrifi ed effl uent was transferred to glass reaction vessels where it was chemically treated for P removal with lime.
Phosphorus Precipitation with Lime
Lime was applied to each nitrifi ed effl uent at rates of 2, 4, 6, 8, 10, and 12 mmol Ca L −1 of effl uent [1mmol Ca = 74.1 mg Ca(OH) 2 ] using lime suspensions in water. Identical lime treatments were applied to the control in which the nitrifi cation step was omitted. Th e lime was a commercial, high-purity hydrated lime powder, containing 98.5% Ca(OH) 2 , with a mean particle size of 3.5 μm (Codex Hydrated Lime; Mississippi Lime Co., Alton, IL). Aliquots of nitrifi ed or control liquid (35 mL) were transferred to 50-mL glass tubes to be reacted with lime. After lime application, the liquid was mixed with a stirrer for 1 min, and the precipitate was allowed to settle for 0.5 h. Treated wastewater was sampled in the supernatant after the 0.5-h sedimentation period and analyzed for total P to determine the removal effi ciency. Phosphorus removal performance was determined by the diff erence between the total P concentration in the treated effl uent and that of the original wastewater sample. Th e precipitate was fi ltered with glass microfi ber fi lters (Whatman 934-AH; Whatman Inc., Clifton, NJ), dried and weighed to measure the amount of solid produced, and digested with acid to determine inorganic P content. All the precipitation tests were performed in duplicate.
Ammonia Volatilization Losses
Th e eff ect of pH on N losses by ammonia (NH 3 ) volatilization was determined in nitrifi ed and non-nitrifi ed lagoon samples of lagoon 1 by adding NaOH to reach pH values of 6, 7, 8, 9, 10, and 11 and measuring remaining total inorganic N (NH 4 -N plus NO 3 -N) in the liquid. For each target pH, a separate aliquot of nitrifi ed or control lagoon liquid (150 mL) was transferred to a 250-mL Erlenmeyer fl ak to be reacted with 0.1 mol L −1 NaOH. Th e experiment was run in duplicate. Sampson Co. fi nishing 3500 dark brown color † Nursery farms were weaner to feeder operations growing pigs from 5.5 to 23 kg weight. Finishing farms were feeder to fi nish operations growing pigs from 23 to 110-115 kg weight. Breeding farm had 3200 sows weighing 180-230 kg from farrow to wean. Research facility had 250 sows (farrow to wean), and half of the weaned pigs were grown to market weight at the site. ‡ All lagoons are single-stage (primary) anaerobic lagoons, except the lagoon in farm number 6, which was the third lagoon in a three-stage lagoon system.
Study of Natural Buff ers
Th e eff ect of natural buff er reduction on the amount of alkali needed to optimize process pH for P removal was evaluated using liquid from lagoons 1 and 2 (Table 2) . Th e tests compared the addition of alkali in three experiments: (i) addition of alkali to liquid swine manure with carbonate alkalinity removed, (ii) addition of alkali to liquid swine manure with NH 4 + and carbonate alkalinity removed, and (iii) the same addition of alkali to the original liquid swine manure with its natural buff ers intact (control). Th e fi rst experiment used acidifi cation with 0.1 mol L −1 HCl to pH 3.0 to remove the carbonate alkalinity (Eq. [5]), and the second experiment used nitrifi cation to remove NH 4 + and carbonate alkalinity (Eq.
[5] and Eq. [6]). Each test consisted of 20 mL of acidifi ed, nitrifi ed, or control liquid placed in 100-mL beakers to which standardized 0.1 N NaOH was added in a stepwise fashion until pH 12.0 was reached. All tests were performed in duplicate.
Analytical Methods
Wastewater analyses were performed according to APHA standard methods (APHA, AWWA, and WEF, 1998) . Total alkalinity was determined by acid titration to the bromocresol green endpoint (pH 4.5) and expressed as mg CaCO 3 L −1
. Th is pH coincided with the infl ection point of the titration curve. Th e orthophosphate (PO 4 -P) fraction, also termed soluble P, was determined by the automated ascorbic acid method (Standard Method 4500-P F) after fi ltration through a 0.45-μm membrane fi lter (Gelman type Supor-450; Pall Corp., Ann Arbor, MI). Th e same fi ltrate was used to measure NH 4 -N by the automated phenate method (Standard Method 4500-NH 3 G) and NO 3 -N by the automated Cd reduction method (Standard Method 4500-NO 3 -F). Total P (TP) and total Kjeldahl N (TKN) were determined using the ascorbic acid method and the phenate method, respectively, adapted to Kjeldahl digested extracts (Pote and Daniel, 2000) . Total solids (TS) were determined after drying the liquid samples at 105°C (Standard Method 2540 B). Total suspended solids and volatile suspended solids were determined gravimetrically after fi ltration using glass micro-fi ber fi lters and drying to constant mass at 105°C for total suspended solids and further ignited to 500°C for volatile suspended solids (standard method 2540 D). Chemical oxygen demand (COD) was determined by the closed refl ux colorimetric method (Standard Method 5520 D). Lagoon liquid samples were block-digested using nitric acid and peroxide (Peters et al., 2003) , and K, Ca, and Mg contents were determined by inductively coupled plasma spectrometry (Model 61E; Th ermo Jarrell-Ash Corp., Franklin, MA).
Th e inorganic P content of the solid precipitate was determined in a diluted acid extraction (Vanotti et al., 2003) . In this acid extraction, 5 mL of 1.0 mol L −1 HCl was added to 100 mg of air-dry precipitate in a test tube, vortexed for 1 min, and allowed to sit for 1 h. Th e acid extract was diluted to 75 mL with distilled water and analyzed for P with the automated method described previously (APHA, AWWA, and WEF, 1998).
Statistical Analysis
Analysis of variance was used to test the hypotheses that there were diff erences in treated effl uent P concentration and pH among lagoons, nitrifi cation pre-treatment, and Ca application rates (replicate × lagoon × pre-treatment × Ca rate). Th e ANOVA included the eff ect of the following interactions: lagoon × pretreatment, pretreatment × Ca rate, and lagoon × pretreatment × Ca rate. Statistical analysis was performed using the General Linear Model procedure and linear and nonlinear regression procedures (proc REG and proc NLIN) (SAS Institute, Cary, NC).
Results And Discussion
Liquid Swine Manure Characteristics
Typically, swine farms specialize in the breeding, weaning, or fi nishing aspects of production, each with diff erent feed mixture and metabolism, which aff ect composition of the manure. Manure undergoes further changes in its composition due to handling during the time between manure voiding by the animal and transport to the fi eld for spreading (Barker and Zublena, 1995) . Because diff erent manure management systems conserve or loose varying amounts of nutrients, it was expected that the surface liquids from the diverse treatment lagoons in our study have variable nutrient composition ( Table 2 ). All lagoons in our study were single-stage anaerobic lagoons, except for the liquid sampled on farm number six that was from the third lagoon in a three-stage lagoon system with the lowest NH 4 -N concentration. In this lagoon, the NO 3 -N concentration of 20 mg L −1 and surface greenish color (Table 1) were characteristic of an aerobic lagoon (Barker and Zublena, 1995) .
A wide range of TP concentrations is usually found in surface liquid of North Carolina's anaerobic lagoons (Bicudo et al., 1999) . Our dataset shows that TP ranged from 26 mg L −1 to 85 mg L −1 . About 56 to 100% of TP was in soluble P form, which is the most "reactive" and critical P fraction contributing to accelerated eutrophication of surface waters (Pote and Daniel, 2000) . Concentrations of TKN ranged between 122 and 858 mg L . Th e inorganic portion of TKN was approximately 58 to 98% in the form of NH 4 -N. Although NH 4 -N concentrations levels were as high as 723 mg L −1 in lagoon 10, that level was below the mean NH 4 -N concentration of 835 mg L −1 observed in another study of nitrifi cation of liquid swine manure .
Anaerobic lagoon treatment eff ectively degrades high-COD organic waste (Bicudo et al., 1999) , such that the remaining COD in surface lagoon liquid might not be a limitation to nitrifi cation. High COD content may limit nitrifi cation of wastewater because nitrifying bacteria do not compete well with heterotrophic bacteria for limited oxygen and nutrients (Figueroa and Silverstein, 1992) . In our study, lagoons had COD within the range of 623 to 1515 mg COD L −1
. Th is range of COD agrees with the initial infl uent CODs of 814 and 1107 mg L −1 reported in two previous nitrifi cation studies of lagoon liquid with nitrifying pellets ( Vanotti and Hunt, 2000; Vanotti et al., 2003) .
Nitrifi cation-Alkalinity-pH Relationships
Th e eff ect of nitrifi cation pretreatment (PT) on pH of the 10 studied lagoon was statistically signifi cant (Table 3) . Th e eff ect of nitrifi cation on alkalinity is shown in Table 4 for the 10 swine lagoon liquids with and without a nitrifi cation pretreatment. Changes in lagoon liquid characteristics (NH 4 -N, NO 3 -N, and alkalinity) after nitrifi cation indicated that alkalinity was signifi cantly consumed in all cases, producing a NO 3 -N-rich effl uent (mean NO 3 -N = 262 ± 40 mg L
−1
). Without exception, the natural carbonate alkalinity of the lagoon liquid was signifi cantly reduced in the process of biological NH 4 + oxidation during the nitrifi cation pretreatment (average alkalinity changed from 2279 ± 300 mg L −1 to 91 ± 14 mg L −1
; Table 4 ). Even though a pH ≥9.0 is needed to optimize precipitation of phosphate using Ca-based compounds (Loehr et al., 1976; Tomson and Vignona, 1984; House, 1999) , the pH of the liquid was initially lowered with the acid produced by nitrifying bacteria. In this way, the resulting nitrifi ed liquid was low in NH 4 + and bicarbonate buff ers, and the total amount of alkali needed to increase the pH above 9.0 was signifi cantly reduced. According to the ANOVA tests, the eff ects of Ca application rate (CaR) and the interaction PT × CaR on pH were highly signifi cant (Table 3) . Results of the eff ect of Ca application rate on pH of the 10 lagoon liquids with and without nitrifi cation treatment are presented in Table 5 . For example, on lagoon 4, a Ca rate of 6 mmol L −1 was needed to increase the pH of the nitrifi ed liquid from 6.2 to 9.0. In contrast, an addition of twice the Ca(OH) 2 (12 mmol Ca L −1 ) to the same lagoon liquid without nitrifi cation increased the pH only 0.3 units and was not suffi cient to reach the desired target pH above 9.0 to enhance P precipitation (Table 5) .
Th e signifi cant eff ect of Ca application rates and lagoon liquid pretreatment on effl uent pH is shown in Fig. 2 . On average, the rate of change of effl uent pH (0.42 pH units/mmol Ca L −1 ) for the prenitrifi ed lagoon liquid was signifi cantly diff erent (P < 0.0001) and higher than the rate for the control without nitrifi cation (0.05 pH units/mmol CaL ). Th ese results illustrate that precipitation of phosphate using lime in untreated livestock effl uents is ineffi cient because of the high natural buff er capacity of these effl uents, which prevents rapid changes in pH.
An additional advantage of prenitrifying the lagoon liquid is that it minimizes N losses by NH 3 volatilization at the high pH (>9.0) needed to precipitate P using Ca compounds (Eq.
[4]). Total inorganic N in the control of lagoon one decreased linearly (R 2 = 0.99; Fig. 3 ). Th e inorganic N loss with respect to the initial total inorganic N in the control was as high as 27% at pH 9.0 and 70% at pH 11. Th is inorganic N loss was most likely due to NH 3 volatilization at a rate of approximately 66 mg inorganic N per unit of pH. Instead, inorganic N losses were not signifi cant within the nitrifi ed lagoon liquid because total inorganic N remained constant with increasing pH after alkali addition (R 2 = 0.068; Fig. 3 ).
Phosphorus Removal from Swine Lagoon Liquid
Th e eff ects of nitrifi cation pretreatment, Ca application rate, and PT × CaR interaction on TP concentration of the 10 treated lagoon effl uents were statistically signifi cant (Table 3) . Th e prenitrifi cation step greatly enhanced the P removal with Ca(OH) 2 application in all 10 lagoons (Table 6 ). In nitrifi ed and non-nitrifi ed liquids, the P removal started with Ca application of 2 mmol L ) in the non-nitrifi ed liquid. Th e signifi cant eff ect of lagoon pretreatment and Ca application rates on reducing effl uent TP is shown in Fig. 4 . At increasing Ca application rates, the reduction in effl uent TP of lagoon Lagoon no.
Nitrifi cation pretreatment
Parameters NH 4 -N NO 3 -N Alkalinity † pH (14) 6.4 (0.1) no 380 (70) 2.5 (2.0) 2279 (298) 8.2 (0.1) † Alkalinity as mg L −1 of CaCO 3 . ‡ Within the same lagoon, mean diff erences between with (yes) and without (no) nitrifi cation pretreatment were signifi cant for NH 4 -N, NO 3 -N, alkalinity, and pH (t test, n = 2; P < 0.05). § Numbers in parentheses are SEM. liquid without nitrifi cation decreased linearly. With prenitrifi ed lagoon liquid, the effl uent TP concentrations decreased exponentially at increasing Ca application rates. On average, prenitrifi ed samples treated with hydrated lime had signifi cantly lower TP concentrations than the non-nitrifi ed control. Th ese results confi rm that precipitation of phosphate using lime in untreated livestock effl uents is very ineffi cient because of the inherent high natural buff er capacity of these effl uents, which prevents rapid changes in pH and TP concentrations. Total P removal effi ciencies with the non-nitrifi ed (control) treatment never exceeded 50%, even at the highest Ca rate of 12 mmol L −1 used in this study (Fig. 5) . Instead, high TP removal effi ciencies of >90% were achieved at Ca rates between 8 and 10 mmol L ) in the nitrifi ed samples. Similar high P removal effi ciencies (70-95%) were obtained by Parent et al. (2007) when a Mg smelting product was added to liquid swine manure collected from concrete pits at a rate between 0.5 and 3 g Mg L −1
. Th is was achieved without nitrification and a natural settling period of ≥8. Instead, our process did not include natural settling; it treated surface lagoon liquid (only), producing low-P effl uents and a concentrated P precipitate with minimal chemical addition (<0.4 g Ca L
−1
).
Implications of NH 4 + and Carbonate Buff er Consumption
Th e pH and alkalinity are important parameters that should be considered for optimum biological N treatment. Autotrophic microbial biomass growth may cease due to insuffi cient wastewater alkalinity. Nitrifying bacteria rely on alkalinity to transform NH 4 + into NO 3 − (Eq.
[5] and Eq.
[6]) because carbonate and bicarbonate are needed for microbial metabolism and neutralizing the acid pH during the production of NO 3 − (Grady et al., 1999; Vanotti and Hunt, 2000) . As a result of the nitrifi cation process, there is, in theory, a release of protons at a rate of 2 moles of H + for each mole of NH 4 + oxidized (Eq.
[5]). Th e nitrifi cation pretreatment was considered complete for the purposes of P removal and terminated in the experiments when more than 90% of the natural alkalinity of the lagoon liquid was exhausted in the process of biological NH 4 + oxidation to NO 3 − . Th e natural alkalinity consumption estimated for oxidation of NH 4 + is 7.14 mg CaCO 3 per mg NH 4 -N oxidized (Sherrard, 1976) . Th is relationship for the 10 swine lagoons is shown in Fig. 6 . Although seven lagoons were close to the theoretical ratio, three lagoons signifi cantly departed from the 7.14 line. Th ese three lagoons contained the highest COD contents (lagoons 3, 4, and 10 with 1481, 1174, and 1515 mg COD L −1 , respectively; Table 2 ). High COD concentrations can contrib- ute to a post-aeration reaction where endogenous manure C is used to reduce NO 3 − concentrations by bacterial activity (Randall et al., 1992) . Th is additional denitrifi cation reaction changes the theoretical 7.14 ratio that considers only nitrification because there is a production of approximately 3.57 mg-CaCO 3 per mg N converted to N 2 . Th is second reaction releases approximately 2 moles of H + per mole of NH 4 + oxidized and consumes approximately 1 mole of H + per mole of NO 3 − reduced (Tchobanoglous and Burton, 1991) . For this reason, we calculated the alkalinity consumption due to nitrifi cation and possible denitrifi cation based on the NH 4 -N and NO 3 -N concentrations before and after the N removal step (Fig. 7) . Th e result of this calculation (Fig. 7) shows that the measured alkalinity consumption in the 10 experiments was well explained by the changes in alkalinity due to NH 4 + oxidation (nitrifi cation) and NO 3 − reduction (denitrifi cation).
Eff ect of NH 4 + and Carbonate Buff er on Process pH
Th e eff ect of natural buff er removal on the amount of alkali needed to optimize the process pH for P removal was evaluated using liquid from lagoons 1 and 2 ( Fig. 8 and Table 7) . Th e evaluation consisted of comparing the consumption of alkali (NaOH) to reach pH 10 in three situations: (i) the original liquid swine manure with its natural buff ers intact (control), (ii) lagoon liquid with carbonate alkalinity removed by chemical acidifi cation, and (iii) lagoon liquid with NH 4 + and carbonate alkalinity removed by biological nitrifi cation. Results of these tests showed that the lagoon liquid with NH 4 + and alkalinity removed by nitrifi cation had a signifi cantly lower alkali requirement to elevate pH than the control or the acidifi cation pretreatment (Table 7) . Th erefore, the use of acidifi cation alone to reduce the carbonate buffer without NH 4 + removal is not eff ective to reach the optimum . Phosphorus removal enhancement from lagoon wastewater using hydrated lime and nitrifi cation pretreatment. Percent P removed is the P removed from the lagoon liquid relative to initial lagoon liquid total P concentrations (Table 6) . Bars indicate means, and error bars represent 1 SE (n = 10 lagoons). alkaline pH (>9.0) for P removal. Th is test confi rms that the optimum pH process for P precipitation can be attained with the addition of small amounts of alkali to lagoon liquid that has undergone a biological nitrifi cation pretreatment.
Phosphorus Concentration
Higher inorganic P concentrations were obtained in the precipitates of the new process than in precipitates of the control (Fig. 9 ). For instance, at the same selected Ca application rate of 10 mmol L −1 , the average P 2 O 5 concentration was 11.4 ± 5.3% for precipitates obtained with the prenitrifi cation step and only 4.0 ± 3.1% for the control samples (without nitrifi cation). Inorganic P concentration of phosphate rock from US mines (27.5-37.9% P 2 O 5 ; USDA-TVA, 1964) is higher than the highest P concentration of the recovered phosphate in this study (23.0% P 2 O 5 on lagoon 2; Fig. 9 ). Nevertheless, recovered manure P has the potential to be used as P fertilizer without the acid treatment used with the phosphate rock, and approximately 99% is water-or citrate soluble as determined in a previous greenhouse study (Bauer et al., 2007) . Th e aspect of phosphate recovery and reuse is becoming important because, unlike N, world P reserves are limited (Smil, 2000) . Th erefore, this new technology that recovers phosphate in concentrated form from liquid livestock effl uents is not only useful for solving distribution problems of excess P in soils associated with manure application, but it allows this nutrient to be transported off the farm in concentrated form and recycled as a value-added plant fertilizer.
Conclusions
Anaerobic lagoons are widely used to treat and store liquid manure from confi ned swine production facilities in North Carolina. Environmental and health concerns with the lagoonspray fi eld method of liquid manure treatment include NH 3 emissions (Aneja et al., 2000) , odors (Loughrin et al., 2006; Schiff man et al., 2001) , pathogens (Sobsey et al., 2001) , and water-quality deterioration (Mallin, 2000) . Th us, there is an interest in developing alternative swine manure treatment methods that can address these environmental problems.
A wastewater treatment process that has been previously evaluated to replace anaerobic swine lagoons to remove P from livestock effl uents was used to treat swine lagoon liquid before land application. Th is treatment process consists of the reduction of natural buff ers in manure, bicarbonate, and NH 4 + , with biological nitrification and subsequent selective precipitation of P using Ca(OH) 2 . With this process, P was effi ciently removed from lagoon liquid of 10 diverse North Carolina swine production farms. Nitrifi cation pretreatment signifi cantly reduced the amount of Ca(OH) 2 needed for optimum P precipitation and removal while preventing N losses via NH 3 volatilization. Th e two fi nal products of this wastewater treatment process were a liquid effl uent for on-farm use and a solid calcium phosphate material.
Although the treatment process is able to remove >90% of the initial TP, elimination of P in the treated lagoon effl uent might not be necessary because all crops need some P for growth. Our study showed that the P removal effi ciency can be adjusted by controlling hydrated lime application rates. Consequently, the P concentration of the effl uent can be reduced to match crop requirements. On the other hand, P can be eff ectively reduced to very low concentrations in the treated effl uent to diminish problems of excess P accumulation in waste-amended soils. Th e P recovery aspect of this process is an attractive approach because of the increasing global cost of mineral fertilizers and declining world P reserves. Th e fi nal product is a material rich in Ca phosphate that could be exported from the farm in concentrated form to be reused as fertilizer.
